Carbon fiber has been used to reinforce both aliphatic and aromatic polyamides. Aliphatic polyamide is known as nylon and aromatic polyamide is often referred to as aramid. Among aliphatic polyamides, polyamide 6, polyamide 6,6, polyamide 11, polyamide 12, and polyamide 1010 have been used as matrices for carbon fiber. Factors affecting the properties of polyamide/carbon fiber composites are: fiber amount, fiber length, fiber orientation, matrix viscosity, matrix-fiber interactions, matrix-fiber adhesion, and conditions encountered during manufacturing processes. This article presents a state-of-the-art review on polyamide/carbon fiber composites. Polyamide/carbon fiber composites are lightweight and exhibit high strength, modulus, fatigue resistance, wear resistance, corrosion resistance, gear, electrical conductivity, thermal conductivity, chemical inertness, and thermal stability. Incorporation of oxidized or modified carbon fiber and nanoparticle modified carbon fiber into polyamide matrices have been found to further enhance their physical properties. Applications of polyamide/carbon fiber composites in aerospace, automobile, construction, and other industries have been stated in this review. To fully exploit potential of polyamide/carbon fiber composites, concentrated future attempts are needed in this field.
INTRODUCTION
Thermoplastic polyamides have low density, fine strength, and heat stability, due to which they are extensively employed in aircraft, aerospace, automotive and other industries [1] [2] [3] . In this regard, aliphatic (nylons) and aromatic (aramids) polyamides have been applied in high performance industrial materials [4] [5] [6] . Pristine carbon fiber (CF) possesses fine mechanical, thermal and electrical properties [7] . CF has been used as effectual nanofiller for thermoplastic polymers especially polyamide matrices. Carbon fiber filled nylon and aramid composites have concerned considerable research consideration [8] . The physical properties of polyamide/carbon fiber composites can be varied by altering the parameter of fiber content, fiber length, fiber orientation, and polyamide-fiber linkage. Various processing techniques have been used for fabricating the polyamide/carbon fiber composites such as solution method, resin infiltration, polymer impregnation, melt mixing, extrusion, injection molding, electrospinning, and spin coating methods [9] . Mechanical properties, thermal stability, conductivity, and anticorrosion properties of carbon fiber reinforced polymer composites have been significantly considered. Applications of polyamide/carbon fiber composites are wide ranging from aerospace/automobile-to-construction-to-textile/electronics industries [10] . Specifically, the polyamide/CF composites have been used to form lightweight automotive parts and aerospace structural applications [11] [12] [13] . An important application of carbon fiber/p-aramid composites has been found for industrial helmets [14] . Polyamide/CF composites have also been applied for the structural reinforcement of masonry building [15] . Carbon fiber reinforced polyamide composites possess extremely high strength to be utilized in civil and structural engineering [16, 17] . In all these applications, high strength, thermal stability, and heat conduction of the polyamide/CF composites are desirable [18, 19] . In this regard, the CF cutting performance, machining, machining mechanism, and processing approaches must be optimized to enhance the characteristics and applications of the polyamide/carbon fiber composites [20] .
In a nutshell, this review provides a comprehensive overlook on polyamide, carbon fiber, and their derived composites. Indispensable facets, physical properties, and processing strategies of polyamide/carbon fiber composites have been systematically reviewed. Progress in the polyamide/carbon fiber composites has revealed significant applications in space, aircraft, automobile, and other technical industries.
POLYAMIDE MATRIX
Polyamide (PA) is an engineering thermoplastic material. Polyamides have been frequently used in fibers, films, and sheets owing to fine mechanical and thermal properties [21] . Polyamides exits in both the aliphatic and aromatic forms [22] . Aliphatic polyamide is usually known as nylon and aromatic polyamide is referred as aramid. The crystal structure in polyamides consists of (i) α crystalline phase; (ii) β crystalline phase; and (iii) γ crystalline phase. There is wide range of aliphatic polyamides available including polyamide 6, polyamide 6,6, polyamide 11, polyamide 12, polyamide 1010, etc. Aromatic polyamides have also gained significance. Polyamides have good transparency, high strength, modulus, rigidity, hardness, chemical resistance, thermal resistance, and moisture absorption properties [23] . The physical properties of polyamides have been improved by inclusion of organic and inorganic nano-filler [24] . Hydrogen bonding interactions exist in polyamide backbone between amide linkage and oxygen of carbonyl groups [25, 26] . Polyamides have several technical applications in automotive, aerospace, construction, textile, electronics, etc. [27] [28] [29] [30] .
CARBON FIBER REINFORCEMENT
Carbon fiber (CF) has been used as an efficient reinforcement for polymers [31] . However, carbon fiber has also been reinforced in cementitious and carbon-carbon composite. Polymer/carbon fiber composites possess light weight, high specific strength, specific modulus, fatigue resistance, and corrosion resistance [32, 33] . Carbon fiber reinforced plastic is often known as CFRP. Various routes have been used to modify pristine carbon fiber. Fig. 1 shows scanning electron microscopy (SEM) images of neat and modified carbon fiber. Neat carbon fiber owns fine electrical conductivity, thermal conductivity, and low thermal expansion coefficient [34, 35] . and (c) sized with MWCNT [40] Neat carbon fiber also possesses outstanding strength, stiffness, chemical inertness, and thermal stability. Carbon fiber modified with metal nanoparticle and nanocarbon have further enhanced the structural and physical properties. Consequently, carbon fiber has been used in high temperature demanding strengthening applications [36] . Metal-based composites have been frequently replaced with CFRP in aerospace and automobile industries. Proprieties of CRRP have been upgraded considering the factors such as fiber dispersal, fiber volume fraction, compatibility between resin-fiber, interfacial contact, and resin impregnation. Interfacial strength of CFRP can be improved via selecting suitable surface treatment to enhance the matrix-filler adhesion [37] [38] [39] [40] .
CARBON FIBER REINFORCED POLYAMIDE COMPOSITE

Polyamide 6/carbon fiber
Polyamide 6 (PA6) and carbon fiber composites have been prepared through injection molding, solution mixing, and resin infiltration techniques [41] . The properties of short fiber CF and long fiber CF filled PA6 have been investigated [42, 43] . The fiber length and amount may play an important role in increasing the composite efficiency, along with resin viscosity. Luo et. al. [44] designed polyamide 6 and long carbon fiber reinforced (PA6/LCF) composites using melt impregnation. The influence of fiber sizing on dispersion, resin flowability, and mechanical properties of the PA6/LCF composite was studied. Fig. 2 shows the sizing treatment process using homemade setup. The sizing solution in ultrasonic bath was used to size the carbon fiber tow. The rapid tow wetting was carried out through capillary forces and resin rising in CF network. Fig. 3 illustrates the tensile load-displacement curves of LCF/PA6 composites. The varying sizing concentrations of 20 wt.% CF were used. The 22 wt.% sizing concentration led to enhanced load and displacement properties [45] . At this sizing concentration, the composite revealed highest energy absorption. According to morphology analysis in Fig. 4 , the reinforcing effect of carbon fiber >20 wt.% was due to the filler aggregation. The discontinuous carbon fiber may lead to reduced impact strength of these composites. Wu et. al. [46] prepared carbon fiber reinforced polyamide 6 composite. The mechanical properties of 10 wt.% carbon fiber reinforced composite were considerably higher than the neat polyamide 6. The tensile strength and modulus of polyamide 6/CF were found higher (70.9MPa and 3261MPa, respectively), compared with the neat polyamide 6 (strength = 51.8 MPa and modulus = 1073 MPa).
Li et. al. [47] formed modified carbon fiber through O3 modification of polyacrylonitrile. The flexural strength of O3 treated carbon fiber-based composite was augmented by 60%, relative to neat polyamide. Karsli et. al. [48] reinforced polyamide 6 with CF through melt mixing technique. Fig. 5 shows the effect of fiber content and length on the hardness PA6/CF composite. The hardness values of composite were increased with the CF content. Instead, hardness values of composites were not affected by the fiber length. Scanning electron microscopy (SEM) images of short carbon fiber filled PA6 composites are shown in Fig. 6 . Different shares of 1.2 cm long CF were used in the polyamide matrix. The pulled out fibers were observed in the micrographs of the fractured composites [49] . The CF were also not coated with polyamide matrix owing to weak interfacial adhesion between matrix-fiber. Ma et. al. [50] produced unidirectional carbon fiber reinforced PA6 composite. Table 1 shows mechanical properties of PA6, CF, and PA6/CF composite. The strength and modulus properties of PA6/CF composite were found to improve, compared with the neat PA6 matrix. The development in the mechanical properties can be well understood through the morphological analyses. Fig. 7 shows that the crack was propagated into fiber rich areas with the increase in tensile strain. The fiber breakage was also found to improve with strain enhancement. In polyamide 6/carbon fiber composite, mostly studied properties are morphology, strength, modulus, toughness, hardness, and crack propagation. Modification of carbon fiber has also been used to develop the properties and performance of PA6/CF composites. Polyamide 6,6/carbon fiber Carbon fibers have been impregnated with polyamide 6,6 (PA6,6) resin using various manufacturing methods such as melt compounding, solution blending, matrix impregnation, etc. The progressive matrix/fiber interface possesses fine mechanical properties for aerospace applications [51] .
Botelho et. al. [52] prepared polyamide 6,6 through interfacial polycondensation of hexamethylene diamine and adipoyl chloride. The obtained resin was impregnated on carbon fiber. The modification of carbon fiber affected the structural, chemical, and morphological characteristics of the composites. The PA6,6/CF composites with aligned CF had higher mechanical properties, compared with the neat PA6,6.
Botelho et. al. [53] formed PA6,6 and CF-based composites using reaction injection pultrusion (RIP) process. The PA6,6 was prepared by the interfacial polycondensation. The CF was suggested to develop interactions with the polyamide matrix. The SEM analysis validated the formation of polyamide-CF interface.
Karsli et. al. [54] also reinforced polyamide 6,6 with carbon fiber composite. The effect of carbon fiber sizing on the mechanical and thermomechanical properties of PA6,6/CF composites have been scrutinized. The tensile strength of sized CF-based composite was found higher than unsized CF filled composites. The thermal stability of sized CF-based composite was also greater than the unsized CF-based composites. SEM was used to study the interfacial bonding between PA 6,6 and CF composite. The superior properties were attributed to the interaction between matrix/filler. Beylergil, et. al. [55] prepared electrospun polyamide 6,6 and carbon fiber-based nanofibers. The electrospun PA6,6/CF nanofiber has heightened the compressive strength, flexural modulus, tensile strength, impact resistance, and toughness. Initially, PA6,6 nanofiber was prepared by electrospinning. Then, PA6,6 nanofiber was deposited on CF surface through vacuum infusion. The mechanical strength of the composite fiber was enhanced with CF incorporation. However, the glass transition temperature of the PA6,6/CF composite was not affected by carbon fiber addition.
Polyamide 11/carbon fiber
The physico-chemical properties, shear strength, and interfacial adhesion strength of polyamide 11 (PA11) and carbon fiber composites have been determined [56, 57] . Zierdt et. al. [58] developed bio-based polyamide 11 and carbon fiber composites. Carbon fiber was modified using alkaline curing. The chemical treatment of carbon fiber improved the storage modulus and elastic modulus of the composites. Thermal stability of the PA11/CF material was also found to increase from 290 to 330 °C. Thus, the thermal profile of the PA11/CF composite was considerably enhanced with the CF modification.
Lao et. al. [59] formed thermally stable and flame retardant PA11/CF composite. The materials were prepared using melt blending method. Low concentration of nanoclay nanoparticles were included as flame retardants. To enhance the non-flammability, contents of intumescent flame retardant were gradually increased in the polyamide 11/CF composites.
Zhang et. al. [60] produced polyamide-11 and polyaniline (PANI) blend-based composite fiber using wet-spinning technology. The SEM and transmission electron microscope (TEM) depicted two-phase fibriller morphology of the composites. Addition of polyaniline and carbon fiber upgraded the electrical conductivity of PA11/PANI/CF composite from 10 -6 to 10 -1 S/cm. The percolation threshold was found at 5 wt.% filler. Accordingly, polyamide11/CF composites have found potential for electrically strengthened engineered structure for advance applications.
Polyamide 12/carbon fiber
Carbon fiber in polyamide 12 (PA12) has led to high specific strength, relative to glass and other fiber fillers [61] . In this regard, oxidized and sized carbon fiber have been used for matrix compatiblization. The thin layer of PA12 on carbon fiber has significantly improved the fatigue resistance of PA12/CF. Interaction/adhesion between PA12 and CF may improve the gear, strength, and thermal stability of composite [62] .
Wiedmer et. al. [63] developed PA12 yarn having discontinuous carbon fiber. The threepoint bending and shear tests were performed to study the mechanical properties. The pultrusion parameters (pulling speed, preheating) were studied. The pultruded profiles showed fine mechanical performance with void content <2%. The pulling speed was found to influence the quality of finally attained composite fiber. The variations in process parameters greatly affected the shear strength of the composites. Thus, fine mechanical strength, shear strength, and low void content were achieved.
Erden et. al. [64] functionalized carbon fiber using continuous atmospheric plasma oxidation (APO) method. The APO was found to influence the surface properties of fibers. The single fiber fragmentation test was performed to study the interfacial shear strength of PA12/CF composites. The interfacial shear strength of PA12/CF were improved from 40 to 83 MPa. Similarly, interfacial adhesion of the materials was found to progress using APO modified CF filler. In addition, the contact angle measurements established the hydrophilic nature of APO-treated carbon fiber.
Kurokawa et. al. [65] prepared polyamide 12 and carbon fiber-based composite. The gear and wear performance of these materials were increased with filler loading. Better interfacial adhesion was observed between polyamide and fiber. The load capability and noiseless properties of the PA12/CF composites were found to enhance, compared with the neat polymer. The materials also depicted higher absorption capability than the polyamide. Hence, the development of advanced continuous fiber PA12 composites need surface modified CF filler to attain high performance PA12/CF.
Polyamide 1010/carbon fiber
Polyamide 1010 is an important type of aliphatic polyamide. Tribological characteristics of polyamide 1010 (PA1010)/carbon fiber composites have been investigated [66, 67] . Wang et. al. [68] designed PA1010/carbon fiber composites using injection molding technique. The composites were explored for the influence of carbon fiber content on the tribological and wear properties. The 20 vol.% loaded PA1010 has shown high wear resistance. The wear mechanism was supposed to be the thermo-fatigue performance. The low CF loading led to worn composite surface through micro-cutting.
Nikiforov et. al. [69] studied physicomechanical behavior of polyamide 1010/CF materials. The carbon fiber modified with short cellulose fiber were used as reinforcement. Inclusion of chopped cellulose fiber additives improved the physicomechanical properties of the polyamide 1010/modified CF composites, relative to neat CF-based materials. Further improvement in the strength properties were observed when the combination of carbon fiber, short cellulose fiber, and glass fiber was used.
Ge et. al. [70] prepared carbon fiber reinforced polyamide 1010 composite with the enhanced friction, wear, and mechanical properties. In this attempt, oxidized carbon fibers were employed. The tensile strength of PA1010/oxidized CF was found 10% higher than the neat CF-based materials. The maximum tensile strength of 82 MPa was observed with 20 vol.% CF.
Nikiforov et. al. [71] filled PA1010 with short carbon fiber using twin screw extrusion. The impact strength and tensile strength properties of PA1010/CF were enhanced with the addition of fibers. The polyamide 1010 and carbon fiber composites have extensive applications in automotive industry. Nowadays, bio-based PA1010 have been attempted to replace environmentally hazardous petroleum-based plastics.
Aromatic polyamide/carbon fiber
Similar to aliphatic polyamides, aromatic ones have also been reinforced with carbon fiber. Modeling studies of aromatic polyamide or aramid and CF-based composite have been performed for interfacial strength and crack-bridging competence [72] .
Feldman et. al. [73] studied crystallinity of aramid/CF composite by high spatial resolution X-ray diffraction. The crystallographic studied revealed grids of oriented lamellae along with fiber axis. The surface treated CF showed bi-layered transcrystallinity. The bi-layered transcrystalline fibers have shown the lamellar axis perpendicular to the angle ∼12°.
Won et. al. [74] studied the strength of aramid/CF composite by drilling tests. The machining parameters for aramid/CF composite laminates were measured using instrumented machining center. There was a direct relationship between the drilling forces and cutting parameters. The machining relations were considered essential to understand the design of intelligent controllers for proficient drilling laminate drilling. During drilling, the critical threshold feed rate was desired to evade damage.
Ma et. al. [75] prepared aramid and carbon fiber composite. The materials have revealed high energy absorption. The quasi static compression tests were used to study the energy absorption ability of the materials. Consequently, the specific energy absorption of 100 kJ/kg was observed. The material's cross section area was microscopically analyzed to explore the failure mechanism. The optimum processing parameters may lead to the design of low cost and efficient high energy absorption components for engineering applicators.
Kozlov et. al. [76] formed carbon fiber reinforced aromatic polyamide network. Two types of polyamide/CF networks were developed: random superconducting network and random network of resistors. The heat transport and electrical conductivity of polyamide/CF with random superconducting network were found to enhance owing to network stability.
Hence, the energy absorption, toughening, electrical transport, thermal conduction, and strengthening mechanisms of aramid and carbon fiber-based composite depend on interfacial interaction and distribution of filler in the polyamide matrix.
APPLICATIONS AND CHALLENGES OF POLYAMIDE/CARBON FIBER COMPOSITE
Polyamide offers efficient thermoplastic matrices for carbon fibers. The thermoplastic polyamide composites have been developed using short, long or continuous carbon fibers. The polyamide/CF composites can be easily transformed into sheets, fibers, and coatings. These composites have remarkable temperature resistance, mechanical performance, and chemical stability, compared with thermosetting composites [77, 78] . Both the aliphatic and aromatic polyamide/CF-based high performance materials possess outstanding thermal stability and mechanical resistance [79, 80] . Carbon fiber modification is also an important step to enhance the adhesion, interaction, and compatibility between matrix-fiber. Here, solubility and processability of polyamides can be enhanced using chemical functionalization of polymer backbone. However, polyamide/CF composites possess various technological and scientific processing challenges. Usually, high resin viscosity renders it difficult to impregnate the CF reinforcement. The infiltration difficulty may lead to design imperfection and non-homogeneous composites for commercial uses. The poor matrix-filler blending may directly affect the most challenging characteristic of composites i.e. structural strength. Among very important aspects of polyamide/CF composites are high strength and flame resistance i.e. demanding for aerospace, automobile, bullet-proof armor, protective clothing, sport fabrics, textiles, and other industrial applications [81] . Carbon fiber reinforced polyamide composite structures are promising for aerospace industries. Though, the introduction of polyamide/CF composites in up-to-date structures may be challenging owing to limited impact damage resistance and long term multifunctional properties. Conveyance of electrical current produced by lightning strike in aircraft/aerospace relevance is also challenging. Efforts have been made to dominate the automotive body parts with polyamide/CF as construction material, instead of metal. The car frames, bumpers, seats, whole automobile interior, and engine compartments have been built using these engineering composites. Polyamide/CF technology need to be further developed to meet the challenges of highly strengthened bullet-proof armor and fire-proof fabric. CFRP are cost-effective and long-lasting materials employed in strengthening concrete, masonry, steel, and cast iron structures for civil applications. In sports equipment, CFRP has been widely used in hockey sticks, tennis/badminton racquets, arrow shafts, surfboards, rowing shells, and several other sports accessories. CFRP has also found applications in high-end products for electronics and medical industries. To increase the binding strength of polyamide and CF for high performance CFRP products, inclusion of additives is desirable. Various additives/fillers employed in polyamide/CF composites include, nanocarbons (carbon nanotube, graphene, carbon black, etc.) and inorganic nanoparticles (silica, titania, clay, metal oxides, etc.). Future efforts must focus the novel design innovations using modified CF, employing polyamide blends, and using advanced processing techniques, to attain high performance polyamide/CF composites.
SUMMARY
In short, this article presents a state-of-the-art review on polyamide/carbon fiber composites. Essential prospects of polyamide/carbon fiber composites have been considered including fundamentals of polyamide, CF, processing strategies, and composite properties. Various types of carbon fiber-reinforced composites with improved mechanical properties have been reported. Here, binding interactions between the polyamide and carbon fiber were responsible for the formation of strengthened composites. Sizing, machining processes, and treatment of carbon fibers have been found responsible for varying morphologies, high electrical conductivity, thermal conductivity, and low thermal expansion of polyamide/CF composites. Applications and future challenges in the field of polyamide/CF composites have also been presented. The carbon fiber reinforced polyamide composites have been widely applied in aerospace, automobile, sports, military and construction industries owing to lightweight, high mechanical properties, thermal resistance, and chemical stability. 
